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Many studies have been performed on the antiferromagnetic interaction
in Fem-O-Fe^^^ type dimers. This paper reports a study on two such
porphyrin systems u-)xO-bis-(tetraphenylporphyrinatoiron (III)) and
ja-OXO-bis (octaethylporphyrionatolron (III)). In addition, we are reporting
the results of a similar study on the first oxidation products of the above
porphyrin u-oxo dimers. This is the first such study of the antiferro¬
magnetic interaction in an Fe^^-O-Fe^^^ type system. To obtain the
singly oxidized products a constant potential electrolysis system was
used. A Varian A-60 NMR spectrometer equipped with a variable tempera¬
ture apparatus was used to look at the temperature dependent on the
magnetic susceptibility. A non-linear least squares computer program was
used to evaluate the antiferromagnetic coupling constant, J. The re¬
sulting J values indicate a greater overlap of the Fe^^^-O-Fe^^^ orbitals
for the tetraphenylporphyrin u~Oxo dimer (TPP) (J=-344 cm-1) than for the
octaethylporphyrin ;i-oxo dimer (OEP) (J=-280 cm-1). For both oxidized
species the Fe^^-O-Fe^^^ orbital overlap is decreased (J=-154 cm-1 for the
TPP ji-OXO-dimer and J=-73 cm-1 for the OEP n-Oxo dimer), probably because
the Fe^^-0 bond distance is increased as the Fe^^ moves into the plane of
the porphyrin.
DETERMINATION OF THE ANTIFERROMAGNETIC
COUPLING CONSTANTS OF SOME IRON PORPHYRIN
U-OXO-DIMERS
A THESIS
SUBMITTED TO THE FACULTY OF ATLANTA UNIVERSITY
IN PARTIAL FULFILMENT OF THE REQUIREMENTS








My profound gratitude goes to my adviser - Dr. C. Scott Owen who
has been patient, and under whose direction I have found research to
be a delightful and a rewarding experience. I am grateful to the
Atlanta University Chemistry Department and other sources from which
I have received financial support during the course of my studies.
I should also like to thank individual faculty and staff members
whose assistance I might have relied on somewhere along the way.
I am not unmindful of fellow students, particularly Joseph
Kwabbl, with whom I have had meaningful association. Finally, I





LIST OF TABLES iv
LIST OF FIGURES v
INTRODUCTION 1
BACKGROUND & THEORY 3
EXPERIMENTAL 18





1. Extinction coefficients for (FeTPP)20, (FeTPP)20+,
(FeOEP)20 and (FeOEP)20'^ 21
2. Knight Shift Measurements of Pyrrole Protons
for Neutral Species 30
3. Experimental results for (FeTPP)20 32
4. Experimental results for (FeTPP)20'*". 34
5. Experimental results for (FeOEP)20 35
6. Experimental results for (FeOEP)20'** 36






1. Fe Protoporphyrin 3
2. Porphin 4
3. Hemin 6
4. Structure of ;u-oxo-bis (porphyriniron (III)) dimer 6
5. Position of metal relative to pyrolle nitrogen 7
6. Curie-Weiss Law Plot 8
7. Plot of X for Paramagnetic ion 9
8. d-orbital overlap 10
9. a* and TT exchange coupling overlap 11
10. X vs T for antiferromagnetic compound 12
11. The d-orbitals 13
12. Electrolysis Aparatus 19
13. Optical Spectrum of Neutral and Oxidized TPP 22
14. Optical Spectrum of Neutral and Oxidized OEP 23
15. NMR Spectrum of Splitting of Solvent Peak 26
16. Graph Showing Density Correction for Solvent 28
INTRODUCTION
Many compounds of the transition elements are paramagnetic, and as
such much of our understanding of transition metal chemistry has been
derived from magnetic data. Paramagnetism is caused by the presence
in the substance of ions, atoms or molecules which have unpaired
electrons. There are also more coiq>lex forms of magnetic behaviour, one
of which is antiferromagnetism. This form of magnetism is a result of
coupling between spins of neighbouring paramagnetic species.
Antiferromagnetism is a widespread phenomenon occurring both in in¬
organic metal complexes and in biological systems. Its study has been
extensive, but limited to the "normal" oxidation states of the transition
metals involved.^ it Is therefore, the purpose of this investigation to
look at the antiferromagnetism of some well-known biological model systems
with a view to evaluating their antiferromagnetic coupling constants.
This will encompass, as a consequence, a study of both the neutral and
singly oxidized species of at least two interesting compounds—the
ja-Oxo-bls (tetraphenylporphyrinatoiron (III)), (FeTPP)20, and the jn-Oxo-bis
(octaethylporphyrlnatoiron (III)) (FeOEP)20, dimers. These reactions
are best characterized as:
(FeTPP)20 Potential (FeTPP)2(H-
(FeOEP)20''’(Fe0EP)20 Potential




Some of this work has been previously attempted, but the results seem
to indicate that further investigation would indeed prove useful.
Preference for the study of antiferromagnetism has been given to
transition metal complexes, because the partly-filled d-electrons shells
are less shielded than, for example, the partly-filled f-electron shells
or the rare earths. The d-electrons are profoundly influenced by the
surrounding ligands and the effects of metal-llgand-metal bonding may
be studied with greater ease.^
The simpllest antiferromagnetic system consists of a pair of ions,
each having an electron with a spin of 1/2. If the ions are close together
one may expect an interaction of the exchange type between the nearest
neighbors, and this interaction may be represented by the Hamiltonian,
-JS • Sj, where and Sj are the Spin Quantum Number Operators for the
electrons i and j, and J is the antiferromagnetic exchange coupling
constant. A rough measure of the coupling constant can often indicate,
for exan^le, whether two nuclei are directly bonded or are separated by
other atoms.
BACKGROUND AND THEORY
Although Porphyrin Itself does not exist in nature, the porphyrin
ring system is found in several very important natural products, notably
haemoglobin, the cytochromes, catalase, peroxidase; chlorophyll and
Vitamin ^-^2' Haemoglobin is present in the red blood corpuscles and
functions to carry oxygen from the lungs to the body tissue. It con¬
sists of an iron-containing prosthetic group called Heme, which is bound
to the protein globin. Acid hydrolysis of Haemoglobin liberates the




Figure 1. Hemin or Fe Protoporphyrin
3
This same heme group is the prosthetic group for the cyrochromes.
catalase and peroxidase. In chlorophyll the pyrrole nitrogens are
complexed with Mg^^ as while in vitamin ^-^2*
complexed with Co^^ as
CN
The porphyrins are derived formally from porphin or porphine{Figure 2)
by substitution of some or all of the hydrogen atoms 1 through 8 (fig.
2 ) with various side chains. Porphin has four meso positions
2 o< 3
Figure 2. Porphin
(o< through 8)> more commonly known as methene bridge carbons, and substi¬
tution at these positions is not found to occur in nature. The porphyrin
macrocycle is highly conjugated with eleven double bonds, and a number of
resonance forms can be written, klhen coordination occurs the two protons
are lost from the pyrrole nitrogens, leaving two negative charges which
are perhaps distributed equally about the entire inner ring. The nucleus
can also accept protons and behave as a basic centre. Overall, the porphyrin
shows weak acidic properties, and the neutral species is stable
5
even in concentrated sodium hydroxide.
The porphyrin nucleus is a tetradentate ligand in which the space
available for a coordinated metal has a maximum diameter of 3.7%.
Metalloporphyrins form a set of compounds in which the metal may be
four-coordinated with a square-planar geometry, five coordinated with
a square pyramidal geometry, or six coordinated with a distorted
octahedral geometry. Most form square planar conplexes with the metal
ion in theplane of the four pyrrole nitrogens, however, sometimes two
of the pyrrole rings are tilted up and two are tilted down so that the
nitrogen atoms are slightly out of plane. The porphyrin in the "free"
environment probably exists in a near planar conformation with a low
energy barrier relative to deviations from planarity. This condition
makes for the conformational adaptability of the porphyrin skeleton to
its surroundings. Because of the small amount of energy necessary to
change its skeletal conformation, it is difficult in general to predict
its structure under varying circumstances; that is, the detailed con¬
formations of porphyrins in solutions are not known because solvent-
porphyrin interactions are not well enough understood to know the
detailed effects they might have on the easily deformed porphyrin skele-
6
ton. Thus, the porphyrin molecule is not completely rigid and its
geometry can be influenced greatly by intramolecular interactions.
There is some degree of inability of the porphyrin ring system to
adjust itself to fit a metal ion in the metalloporphyrin.^ Thus, there
is an increase in the metal-nitrogen bond distance from 1.96A in nickel
(II) porphyrins to 2.00 A in palladium (II) porphyrins which is somewhat
smaller than might be expected from the differences in their ionic radii
o III
of 0.72 and 0.86 A respectively. Usually, the Fe -N bond distance in
6
high spin Amines is 2.30 A, due largely to the antibonding d-electrons
of the ferric ion. In ferric high spin pophyrins, however, the Fe^^^-N
distance shrinks to 2.07^ due probably to the charge on the pyrolle
nitrogens, but still too large to be accommodated in the plane of the
nitrogens (See Figure 5l .
A ferric porphyrin complex is called a Hematin when a hydroxy ion
is coordinated with it, and a Hemin (Figure 3) when the coordinated





If one adds ferric porphyrin to a solution of KOH, etc. , a new
species results which has been characterized as u-Oxo-bis (porphyrinatoiron
(III)), dimer with the general structure as shown in Figure 4.
Figure 4. Structure of /i-0xo-his (porphyriniron (III)) dimer.
7
o
The iron in this five coordinated complex is o.5 A out of the plane
8
of the pyrrole nitrogens toward the oxygen bridge, (Figure 5),
L
Figure 5.
The u-Oxo-bis (tetraphenylporphyrinatoiron (III)) and the jj-oxo-bis
(dctaethylporphyinatoiron (III)) dimers are synthetic porphyrins with
phenyl groups at the methene bridge carbons and ethyl groups at the 1
thru 8 positions respectively. These bulky substituents, particularly
the phenyl groups which are situated almost 90° out of the plane of the
molecule, and the ethyl groups cause a tremendous amount of puckering
in the molecule.
All known iron (III) porphyrins are paramagnetic, i.e., whether they
are high spin, with the maximum number of unpaired electrons, or low spin,
with the minimum number of unpaired electrons, they are attracted into a
magnetic field. These substances have a resultant magnetic moment,
the magnitude of which gives an accurate idea of the number of unpaired
electrons they possess. A more useful parameter is the magnetic sus¬
ceptibility which is heavily considered in the elucidation of electronic
structures. Paramagnetic susceptibility depends inversely on temperature






= magnetic susceptibility minus
diamagnetic susceptibility
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Figure 6.
coTir
The solid line represents the Curie formula X = C , „ . ,
m where C is the
T
slope of the line. The dotted lines show experimental deviations from
the Curie law, and 0, the Weiss constant, shows the temperature at which
the line crosses the T axis. The Weiss constant takes into account both
9
interionic and Intermolecular interactions. magnetic suscept¬
ibility is measured at varying temperatures, a plot of vs Tem¬








Figure 7. Plot of X vs T for Paramagnetic ion
This curve is typical of ions that are sinqile paramagnetics where the
magnetic susceptibility decreases as the temperatures increases. Not
all paramagnetic substances follow the simple case above however, and
if the substance is a dimer, the paramagnetism has to be modified to
account for an additional phenomenon.
A number of conditions are necessary in order that a system may
have antiferromagnetic behavlous:
a) whenever half-full orbitals of two magnetic cations overlap
the two ends of a given anion p-orbital.
b) whenever empty orbitals of two magnetic cations overlap the
two ends of a given anion p-orbital.
c) whenever an empty orbital of a magnetic cation overlaps one
end of an anion p-orbital, and one half full orbital of another
magnetic cation overlaps the other end of the same anion
orbital.
If two ions are close together, one may expect an interaction of the
10
exchange type. This exchange interaction may manifest itself in two forms
viz:
i) Direct exchange in which there is some interaction between
the d-orbital on metal ion 1 with the d-orbital on metal ion
2. See Figure 8.
Z
This mechanism involves direct overlap between the orbitals con¬
taining the unpaired electrons. For this model, the coupling constant
J is simply expressed by the exchange integral, as
AB
(2) JL (fg (2) (1) dx
*12
11
ii) Superexchange where the exchange coupling between the Ions
is not due to direct overlap of their d-orbitals
Instead, the spin is transmitted through the intervening
ligand as shown in Figure 9.
Tf- EXCHANGE
EXCHANGE
Figure 9. Exchange Coupling Across Oxygen Bridge
Superexchange best explains the antiferromagnetism of dimeric compounds
in which the electric moments of the ions align themselves so as to
cancel each other. The net result is that by the intervention of the
oxygen atom, we obtain from a system in which the two metal ion
d-electrons were free to orient their spins independently, one in
which they are coupled together with their spins antiparrellel. If
this state is of lower energy than the uncoupled state, then as the
temperature is lowered antiferromagnetism will be observed. As the
temperature is raised, the efficiency of the interaction becomes less
12
pronoimced and the susceptibility increases. Finally a critical tem¬
perature T (the Neel' Temperature) will be reached above which the
n
spins are "free" and the antiferromagnetic material becomes para-
12
magnetic. Figure 10.
Figure 10. X vs T for antiferromagnetic compound
For systems that react antiferromagnetically the spin-only Hamiltonian,
— 3* S S- * S| is used to evaltiate the exchange coupling constant J.
If J is positive, the system is Ferromagnetic, i.e., the spin moments
are oriented parallel to each other. If, however, J is negative, the
system is antiferromagnetic, i.e., an antiparallel alignment of spins.
The spin-only Hamiltonian is used for the evaluation of J because
of the following qualitative argument:
For an electron in a particular orbital to have orbital angular
13
momentum about a chosen axis it must upon rotation about that axis
transform the orbital into one which is equivalently degenerate.
In a "free ion" in which the five d-orbitals are degenerate, a
o 2 2
rotation through 45 converts the dxy into the dx -y orbital, and
a rotation through 90° transforms the dxz into dyz. See Figure 11.
Figure 11. The d-orbitals
2
The dz cannot be transformed into any orbital by rotation about the
z axis, and as a result, an electron in this orbital cannot give rise
to any orbital contribution to the magnetic moment. During the forma¬
tion of an octahedtral con5)lex, the incoming ligand splits the d-orbitals
14
2 2 2
into the t^^ (dxy, dyz, dxz) set, and the eg (dz , dx -y ) set which
are then separated by the ligand field splitting, 10 Dq. As a con¬
sequence, the degeneracy of the dxy and dc^-y^ destroyed and the
orbital contribution from an electron in either of these orbitals is
13
lost.
In cases where molecules which can exist in different spin states
are subjected to an external magnetic field, H, there is a Boltzmann
distribution of the population of aligned dipoles between the energy
levels. An example of this is the case of a species which contains
one unpaired electron. The two spin states of the unpaired electron
are unequal in energy in the presence of an external magnetic field,
as shown below.
- 1/2 fe -p
j gftH = AE
+ 1/2 oC -L
The distribution of particles with B spins and ot spins is governed
by the Boltzman distribution law so that the ratio of
B spins = e ^®/^T
spins
where A E is the energy difference between states B and oC and equals
approximately 1 cm~^ under the influence of a magnetic field of 14000




An atom or molecule when placed in a magnetic field acquires
energy which may be expressed as a function of H. It may be written
15
as a series In H namely:
E = A.+B.H+C.H^...
i 1 X 1
where is the energy of the level in the absence of the field
and are first and second order Zeeman coefficients.
The magnetic moment is defined as
and when expressed as the average magnetic moment per gram ion the
Boltzman expression becomes
M = N Zi “l
Zi e“^i/kT
Here, N is the number of atoms, usually taken as one mo^e of atoms.
Since X = ^ = magnetic susceptibility
^ I ... 1
Zi e-E./
We now need to determine E^ as a function of the applied magnetic
field.
Recalling that H= -J? 'S^S* for a spin-only interaction, if we
make the total spin S'= + Sj, then the above is rewritten as
H = -■1^*^ ^ S' (S' + 1) - S^CS^ 4. 1) _ Sj (Sj+ i)^2
where Z = the number of nearest neighbours and
N = the nximber of paramagnetic ions in the molecule contributing
16
to the interaction.
The constant terms may be ignored since the energy under consideration
i *
is relative. Hence, equation 2 can be rewritten as H = -J S (S + 1).
2
Combining the applied magnetic field contribution taken parallel to the
z axis gives the expression:
H = _ZJ s"(S'+ 1) + gBHs'
where g is the Lande splitting factor and B is the Bohr magneton. If
we write a set of basic wavefunctions asis M S^then H|S*M^S>= ^
(-ZJ (S + 1) + g BHM*S)7 |S* M^S^where IS^MS^ are eigen functions
2
and -ZJ (S^+ 1) + gBHM's are eigen values.
2
Consider as an illistration the case where = Sj = 1/2, i.e. 1 unpaired
electron S*= 1,0.







zJ. S* (sV 1) + g BHM^S
2
:;:J X 2 + gBH = -J + gBH
2
j::J X 2 + 0 = -J
2




-J are values which are required
-J -gBH
to calculate the magnetic susceptibility of the species. From equation
17
1 we take the partial derivatives of the values with respect to
H which result as follows:




aEi (-J-gBH) = -gB
an
substituting in equation 1 we have:
X = (-gB + gB e g^H/kT)^
jj (3)
(e J-gBH/kT + e + e gBH/kT + e°=l.)
Reducing equation 3
a) -gBe J/kT (1-gBH/kT) + gBe J/kT (gBH/kT + 1) (n^^^erator)
= Zg^B^ H/kX e J/kT
b) e (1-gBH/kT) + e J/kT + e J/kT (1 + gBH/kT) + 1 (denominator)
=3e
Combining a and b
Zg^B^H / kTe
H 3e J/kT +1
giving finally X = Ng^B^ e J/kT (4)
^
kT (3e J/kT +1)
Equation 4 is of the form y = ae and so a non-linear least squares
computer program (written by Dr. G. S. Owen) was used to evaluate J
as a function of X and T. These programs were written for ions having
spins of 5/2, 5/2 and 5/2, 4/2.
EXPERIMENTAL
Electrolytic oxidation consists of appling a constant potential
to remove an electron from each of the prepared u-oxo-dimers. The
first oxidation potential of (FeTPP)20 was found to be 1.15 volts,
and that of (FeOEP)20 0.98 volts.
Apparatus. The electroysis apparatus consisted of the following:
a D.C. power supply, milliammeter (custom built by G. O'Brien of
Georgia Institute of Technology), high impedance voltmeter, and a
reaction vessel (custom built by Don Lilly of Georgia Institute of
Technology).
The set up for an experiment is shown in Figure 12. Prior to
an experiment the reaction vessel was washed with water, ethanol
and CI^Cl2, and dried overnight in an over at 60®. A solution of
0.1 M. TPAP in CH gl^was poured into the reaction vessel-enough to
cover the platinum gauze. Argon gas was bubbled in the reaction
vessel throughout the experiment. The solution was stirred by a
magnetic stirring bar. A potential of 1.5 volts was applied to remove
oxidizable materials from the solution^^ before introduction of the
u-oxo-dimer. Dry porphyrin was then added to the solution to reach the
desired concentration. Care should be taken not to have the solution
too concentrated as this seems to increase the resistance considerably
and Inhibit the progress of the reaction at the expected potential.
The controlled potential lead was then connected and the voltmeter set





potential across the control and reference leads was increased. This
increase was most noticeable at the start of the oxidation process,
and so the potential must be watched and controlled at a constant
value. As the number of oxidizable ions decrease, the increase in
the potential became less noticeable, and the D.C. current approached
zero. The oxidized material was removed from the reaction vessel
and placed on a rotary evaporator to remove the CH2C12* residue
was washed with hot water and filtered to remove TPAP, then washed
with Benzene to remove the neutral parent compound, thus leaving the
oxidized species in crystalline form. The oxidized porphyrins were
isolated as the perchlorate salts (CIO^), and then kept in vacuum.
Before further experiments were attempted, they were washed with
benzene and dried, since they decay at the rate of a few percent per
day.
Optical spectra were taken before, during, and after the
experiment on a Cary 17 Spectrophotometer, This was used to monitor
the extent of the oxidation. These spectra of both the neutral and
oxidized species show an almost complete disappearance of the product
peaks at 570 nm and 610 nm; reduction in the absorbance of the 406 nm
Soret band, and a slight shift towards high wavelength, (gee Figure 12),
In the CFe0EP)20, the Soret band is at 385 nm and the oxidized species
at 380 nm,( See Figures 13 and 14), The following extinction co¬
efficients were calculated from spectra taken. (See Table 1)
21
TABLE 1. Extinction Coefficients for (FeTPP)20, (FeTPP)20'^,
and (FeOEP)20+
(FeOEP)20






X 10^io3 406570 84.6 X6.8 X 103
610 4.04 X 10^ 650 2.65x 10^
650 .05 X 10^









Figure 14. Optical Spectrum of Neutral and
Oxidized Porphyrins.
24
Dichloromethane was distilled from calcivan hydride, collected
and stored over molecular sieves (Linde, No. 4A). Tetrapropyl
ammonium perchlorate (TPAP) was recrystallized from 95% ethanol and
18
stored in a vacuum oven at room temperature.
JJ-Oxo-bis (tetraphenylporphyrinatoiron (III)), (FeTPP) 0), was
2
prepared from tetraphenylporphyrinatoiron (III) chloride (FeTPPCl).
Approximately 1 gram of FeTPPCl was dissolved in 400 ml CH^Cl^ and an
equal amotint of 10% KOH added. After stirring the solution for an
hour the KOH portion was withdrawn using a separatory funnel. The re¬
maining solution, (FeTPP)„0 in CH Cl , was washed 5 times with distilled
^ 2 Z
water to remove traces of KOH, then dried for about 12 hours over
K2CO2 to remove aqueous residues. The (FeTPP)20 was recrystallized in
approximately 200 ml of CH2CI2 and an equal volume of Hexane. The solu¬
tion was placed in the fume hood to allow for the evaporation of the
volatile solvents. The (FeTPP)20 was placed in a vacuum oven, and
residual traces of the solvent were removed with pumping. H-Oxo-bis
(octaethylporphyrinatoion (III)) (FeOEP^O, was prepared from
octaethylporphyrinatoiron (III) chloride (FeOEPCl). Its preparation
and recrystallization were identical to that of the (FeTPP)^O as des¬
cribed above. (FeOEP) 0 was dried over Na SO,. Both crystalline
2 2 4
u-oxo-dimers were washed with hexane to remove unreacted chlorides
and other impurties. They were kept in vacuum and vented to argon before
use.
Nuclear magnetic resonance (nmr) experiments were done, using a
Varian A-60A NMR Spectrometer with a variable teii?)erature apparatus with
both the netural and the oxidized species of the porphyrin u-oxo-dimers.
The samples were prepared with CH2CI2 as solvent at concentrations of
25
« 10 g/ml. Special concentric nmr (Wilmad #517) tubes were used
with the solvent in the smaller inner tube and the sample + solvent
in the larger outer tube. Before an experiment was performed the
variable temperature apparatus was calibrated with a methanol sample
at -60° and + 40°. Shifts in the nmr methanol peaks should corres¬
pond closely with values in the nmr manual. Each sample was run at
various temperatures, and splittings on the CH2CI2 paak were observed.
These splittings, AF, measured in H^, were used to evaluate the
magnetic susceptibities of the species Figure 15. The relationship
19
used for the calculation of the magnetic susceptibility is as follows:
X = 3 A F
2 Tt Fm + Xq + Xq (do-ds) + Xjj^tPP
m
where X = magnetic susceptibility of the dissolved substance per gram
AF = frequency of separation splitting on solvent peak in H
z
F = frequency of the nmr in
m = mass of solute in g/ml
= diamagnetic susceptibility of the solvent
djj, dg = densities of solvent and solute respectively
( (V^s) was taken to the equal to -m).
” diamagnetic susceptibility of porphyrin.
As the temperature varies a density correction expressed is applied
20
to the solvent which subsequently causes a change in the mass of
the solute viz:
MC°rr ^ ^^ ) where 49 is computed graphically
e p
over the temperature range. (See Figure 16), A typical calculation
26





C = 5.4 X 10 (from Beers law)
-3'
Mcorr = 3.3 x 10
= 7.96 X 10‘9 X 1.75 -0.53 x lO"^
3.3 X 10-^
= 3.69 X 10 ^ where 1.75 isAF.
From the magnetic susceptibility the magnetic moment per ion is com¬
puted using the expression:
U = 2.84 (X • MWt • T) ^ = 2.84 (3.69 x lo"^ .604 ’300)^
= 2.30 Bohr magneton.
n
Figure 15.







Experimental data along with the results obtained are tabulated
in Tables 3 through 7. The average J values are shown in Table 6.
The absolute values of J give some indication of the behavior
of the Fe-O-Fe system. J is proportional to the electron density in
both the metal and the oxygen orbitals; to the Fe-0 orbital overlap
and thus, the Fe-0 bond distance.
For the neutral species:
I ‘^(FeTPP)20 I = 344 cm"^ + 40) |■^(FeOEP)20 |= 280 cm"^ + 34
For the oxidized species:
I '^(FeTPP)^o'*^ 1= 154 cm ^ + 42^ |'^(FeOEP)2o'^|= 73 cm"^ + 1.
These results clearly show strong antiferromagnetic interaction
both for the neutral and the oxidized species. However, it must be
considered that the differences in the values of the TPP and OEP
are due to effects of substltunts on the ring. In the TPP the
phenyl groups are tilted out of the plane of the ring, and they
possess, though not strongly, electron donating ability. Indeed,
since the porphyrin molecule is not a completely rigid system, the
phenyl groups in solution can readily assume varying orientations
with respect to the rest of the molecule. Thus, some Tf -electron
donation can be expected from the phenyl groups, increasing the
density in the Fe orbitals.
The OEP on the other hand has its ethyl groups in the plane of the
ring but they are weakly electron donating. Additional evidence of
29
30
Tf -electron donation from the phenyl rings can be drawn from the
fact that the optical spectrum of the (FeTPP)20, is red shifted com¬




(FeTPP)20 610 570 405 (Soret)
(FeOEP)20 585 555 390 (Soret)
Further, knight shift measurements of (FeTPP)20, and (FeOEP)20
21
give the following results:
TABLE 2
KNIGHT SHIFT MEASUREMENTS OF PYRROLE PROTONS
B M O.P
S = 0 ZnTPP 9.0 8.25 7.83
S = 1/2 (FeOEP)20 6.1 5.2 1.8
S = 1/2 (FeTPP) 0
2
13.6 7.6 7.6
Here the measurements are taken relative to ZnTPP which is a dia¬
magnetic species. The values for the TPP are higher than for the
OEP, thus suggesting greater electron delocalization by the TPP.
This Increase in the electron density of the Fe orbitals of
the (FeTPP)20, as opposed to the (FeOEP)20, explains the larger
value of J in the (FeTPP)20 system. The first oxidation products
result in smaller J values than the neutral species. Here, the
electron density is removed from the Fe orbitals as the system goes
from Fe to Fe^^* Thus, the electron density in the Fe orbitals
31
III ®is lowered. As previously mentioned, the Fe ion is 0.5 A out of
the plane of the pyirole nitrogens. This decrease in electron density
results in a decrease in the effective size of the Fe ion thus en¬
abling it to move closer into the plane of the molecule. This
IV
allows for an Increase in the Fe -Obond length. Thus, the overlap
between the Fe and 0 orbitals is decreased. These two effects,
lowering of electron density and of orbital overlap explain the
decrease in J noted for the oxidized species.
TABLE 3
EXPERIMENTAL RESULTS FOR (FeTPP)20
Concn m/l AF Temp °K u.BM J
1.63 X 10“3 0.6 296 2.40 X 10“^ 1.96
2.41 X 10”^
1.66 0.5 281 1.86 1.70
1.69 0.5 266 1.82 1.62 -346.92
1.76 0.5 235 1.73 1.49
1.80 0.48 217 1.59 1.37












2.23 0.48 239 1.18 1.23
2.29 0.70 220 1.90 1.50
3.50 1.4 303 2.65 2.09
3.60 1.3 283 2.33 1.90
3.71 1.5 259 2.68 1.94
5.23 X 10" 3.86 1.6 240 2.77 1.89 -259.8
3.88 1.9 225 3.36 1.95
3.97 2.0 208 3.4 1.96
3.17 X 10“^ 0.9 320 1.72 1.73
3.23 0.9 300 1.68 1.64
3.34 1.2 273 2.32 1.85
3.43 1.3 253. 2.48 1.84
4.79 X 10"3 3.52 1.3 233 _ 2.40 1.74 -329.33
3.63 1.05 213 1.77 1.43
TABLE 3 — Continued
Concn m/1 AF Temp °K u.BM J
2.33 X 10~^ 0.65 298 1.68 X 10“^ 1.65
2.36 0.65 285 1.65 1.60
3.44 X lO"-^ 2.45 0.70 258 1.74 1.56 -386.96
l.hl 0.57 247 1.53 1.43
2.60 0.55 210 1.15 1.14
TABLE 4
U)
EXPERIMENTAL RESULTS FOR (FeTPP)20^
Conen m/1 Mcorrg/jjji ^ j^q-3 AF Temp °K
^ i
X 10"® u.BM J
.558 0.7 315 9.44 4.02
.572 0.76 294 “10.04 4.01
.590 0.68 274 8.64 3.57
.606 0.70 254 8.66 3.46
.84 X 10“^ .621 0.70 239 8.44 3.31 -121.45
.632 0.40 220 4.50 2.32
2.60 3.25 308 9.42 3.97
2.70 3.20 293 9.02 ■3.78
2.98 3.30 273 8.61 3.58
2.86 3.02 253 7.87 3.28
4.0 X 10~^ 2.93 4.3 233 11.15 3.75 -101.56
3.0 5.4 213 13.79 3.99
.96$ 0.9 313 6.89 3.43
.967 0.7 294 5.23 2.89
.967 xl0“3 .992 0.6 277 4.28 2.54 -214.29
1.017 0.5 260 3.38 2.18
1.05 0.55 233 3.64 2.14
1.205 0.8 312 6.15 2.84
1.23 0.9 293 6.74 3.28
1.66 X 10"3 1.27 0.85 273 6.10 3.02 -177.20
1.30 0.80 253 5.65 2.79
1.30 0.70 228 4.72 2.42
1.38 0.70 206 4.58 2.26
TABLE 5
EXPERIMENTAL RESULTS FOR (FeOED^O
Concn X 10-3 AF Temp °K X 10"^ u.BM J
4.84 X 10"3 1.45 298 1.85 1.64
4.91 1.7 285 2.22 1.76
4.84 X 10“^ 5.09 1.7 258 2.12 1.63 -314
5.14 1.9 247 2.41 1.70
5.24 1.8 230 2.20 1.57
5.39 1.9 210 2.27 1.53
1.34 X 10“3 0.45 306 2.13 X 10-6 1.78
2.25 X lOr^
1.37 0.50 288 2.36 1.82
1.40 0.50 272 2.29 1.74 -246
1.46 0.70 246 3.28 1.98
1.49 0.90 226 4.25 2.16
1.54 0.95 203 4.38 2.08U)
Ui
TABLE 6
EXPERIMENTAL RESULTS FOR (FeOEP)20'^
Concn * 10'^ 6F Temp °K X 10"^ u.BM J
2.02 3.2 323 12.07 4.36
2.08 3.4 302 12.48 4.28
2.16 4.0 276 14.21 4.36
3.48 X 10 ^ 2.22 3.95 256 13.63 4.12 -72.56
2.28 4.07 235 13.67 3.95
2.32 4.8 223 15.93 4.16
1.3 2.0 318 11.71 4.26
1.36 2.2 296 12.34 4.22
2.25 X 10”^ 1.40 2.68 373 14.70 4.42 -73.36
1.44 2.4 256 12.73 3.98
1.47 2.75 236 14.36 4.06
1.50 3.0 219 15.39 4.05
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TABLE 7
SUMMARIZED RESULTS FOR NEUTRAL AND
OXIDIZED TPP AND OEP
Compoimd J
(FeTPP)20 344C“-1 ± 40
(FeTPP)20‘^ -154cm“^ ± 42
(FeOEP)20 -280cm"^ + 34
(Fe0EP)20'*’ - 73cm"^ ± 1
Comparison of (FeTPP)^O with published results
(FeTPP)20 (From Knight shift measurements of pyrolle protons)
253-325 H = AH S 22
z
gn^m
(FeTPP)20 A = 1.29 X lO^H J = -309
2
—Li. _
cm ^ 50 cm
(FeT^mPP)oOp 2
A = 1.44 X lO^H^ J = -335 cm~^
(FeTPP)20 (Fe-O-Fe = 168° J = -310 cm
(FeTPP)20 Solid State J = -380 -1cm
(Fe(Salen)) 0 (Fe-O-Fe = 142° J = -174 cmT^
-1
Done with non-porphyrin complexes J = -170 to -210 cm
Salen = N.M^ -ethylene-bis (sulicylideneiminate) (Tetradentate ligand)
H = -ZJ S^.S^ J = % above values
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